ABSTRACT A growth trial and a metabolism trial were conducted as 2 experiments to investigate the effects of dietary enzyme supplementation (primarily xylanase and β-glucanase) on performance, nutrient digestibility, intestinal morphology, digestive organ size, and volatile fatty acid profiles in the hindgut of broiler chickens fed wheatbased diets. The experimental diets in both trials consisted of a wheat-based control diet supplemented with 0, 200, 400, 600, 800, or 1,000 mg/kg enzyme. Diets were given to the birds from d 7 to 42 of age. In the growth trial, enzyme supplementation improved performance of the broilers; daily gain and feed conversion increased linearly (P < 0.01) with increasing levels of enzyme supplementa-
INTRODUCTION
Although corn is the predominant source of energy used in poultry diets, it is difficult to maintain least-cost diet formulations using corn for Chinese poultry production due to an unstable grain market. When the price difference between corn and wheat is too great, poultry producers often substitute wheat. Compared with corn, wheat is lower in energy but greater in many other nutrients, including protein and many amino acids, such as lysine, methionine, arginine, phenylalanine, and tryptophan (National Research Council, 1994) . When birds are fed wheat-based diets, the presence of nonstarch polysaccharides (NSP; arabinoxylans) can give rise to highly viscous conditions in the small intestine and decrease contact between digestive enzymes and substrates, hence depressing nutrient absorption and broiler performance (Choct and Annison, 1992; Almirall et al., 1995; Choct et al., 1995) . In addition to the direct effects of NSP on nutrient digestion, there appear to be secondary effects attrib-2005 Poultry Science Association, Inc. Received for publication July 20, 2004 . Accepted for publication January 11, 2005. 1 To whom correspondence should be addressed: qiaoshy@ mafic.ac.cn. 875 tion. Enzyme inclusion decreased the size of the digestive organs and the gastrointestinal tract to some extent. The relative length of each intestinal segment decreased linearly (P < 0.05). The relative weight of the anterior intestine on d 21 and ileum on d 42 also decreased linearly (P < 0.01). On d 21 and 42, there were negative linear (P < 0.05) relationships between increasing enzyme supplementation and the relative weight of the liver and pancreas, respectively. Furthermore, there was a linear (P < 0.01) increase in total volatile fatty acid content in ileum on d 21 and in the cecum on d 21 and 42. During each period of the metabolism trial, apparent crude protein digestibility increased linearly (P < 0.05), whereas no differences were detected (P > 0.05) in AME.
utable to higher levels of gut microflora in the small intestine (Choct et al., 1996) . Choct et al. (1999) indicated that excess fermentation in the small intestine of the chicken might be detrimental to nutrient digestion and absorption.
The benefits of exogenous enzyme supplementation to NSP-rich diets are well documented (Bedford and Classen, 1992; Almirall et al., 1995; Yu et al., 1997) . These enzymes can partially hydrolyze NSP, reduce the viscosity of gut contents, and result in improvements in nutrient absorption. Several studies have also demonstrated that enzyme treatment can affect the intestinal morphology in birds fed barley-based diets (Brenes et al., 1993) or decrease the small intestinal fermentation attributed to high NSP diets (Choct et al., 1996) . However, relatively few studies have been conducted on intestinal morphology and microbial fermentation in the intestines of broilers, especially when feeding wheat-based diets during different phases. Thus, the objective of this investigation was to examine the effects of exogenous enzyme preparations in wheat-based diets for broilers on performance, nutrient use, gastrointestinal morphology, and hindgut (including ileal and cecal) volatile fatty acid (VFA) content.
MATERIALS AND METHODS

Enzyme Assays
The microbial enzyme preparation used was produced by solid-state fermentation using Aspergillus niger (CGMCC 1067) in the Ministry of Agriculture Feed and Industry Center. The primary enzymes in this product were xylanase and β-glucanase with cellulase and pectinase as minor residual enzymes. The enzyme assays were followed with National Feed Industry Standards for Enzyme Assays in China (Standardization Administration of China, 2005) . All of the enzyme assays were carried out at pH 5.5 and 40°C. Each test was performed in triplicate. One unit of xylanase was defined as the amount of enzyme that released 1 µmol of reducing sugar from 10 mg/mL oat xylan (Sigma X0627) 2 solution per minute. One unit of β-glucanase was defined as the amount of enzyme that released 1 µmol of reducing sugar from 8 mg/mL barley β-glucan (Sigma G6513) 2 solution per minute. The enzyme preparation contained 6,225 U/g xylanase and 3,200 U/g β-glucanase.
Birds and Diets
A total of 396, male, 1-d-old Arbor Acres broilers were purchased from a commercial hatchery 3 and randomly distributed in batteries with raised wire floors in an environmentally controlled house. All chicks were fed a commercial chick starter diet for a 7-d preexperimental period, after which they were individually weighed and reallocated using a completely randomized design. Each of the 6 treatments was replicated 6 times with 11 birds per pen. All birds received ad libitum access to feed and water. The experimental phase was divided into 2 phases: growing phase (7 to 21 d) and finishing phase (22 to 42 d). The basal diet compositions for both experimental phases are listed in Table 1 . The 6 dietary treatments were wheatbased diets supplemented with 0, 200, 400, 600, 800, or 1,000 mg/kg of the enzyme preparation. The enzyme was substituted for wheat in diet. Diets were antibiotic-free and were provided in mash form. To apply enzyme to late commercial broiler production in China, diets were formulated to 90% of nutrients requirement by National Research Council (1994) for broilers of each matching age. The actual levels of the xylanase in the enzymesupplemented feed were 1,256, 2,480, 3,780, 4,500, and 6,220 U/kg, respectively. And the actual levels of the β-glucanase were 640, 1,270, 1,900, 2,560, 3,225 U/kg, respectively. Data were means of 6 replicates.
All chicks were continuously provided with uniform light for 24 h. Room temperature was maintained at 33°C 
Growth Trial Procedures
On d 21 and 42, birds were weighed by pen, and feed consumption was recorded. Weight gain and feed efficiency were calculated for each phase. One broiler from each replicate was randomly selected, weighed, and then killed by cervical dislocation. The gastrointestinal tract (GIT) was excised, and the following sections were collected: the anterior intestine (AI; including duodenum and jejunum), ileum (from Meckel's diverticulum to the cecal junction), and the left cecum. In addition, digesta from all intestinal sections were gently squeezed into a preweighed tube and then stored at −80°C until analysis for VFA concentrations. Then, the length and weight of the GIT were recorded. The weight of the pancreas and the liver were also recorded.
VFA Analysis
The VFA were determined using the method described by Zhang et al. (2003) . Approximately 1.50 g of thawed digesta was diluted with distilled water (1:1 wt/vol) in a screw-capped tube. After homogenization and centrifu-gation, 1 mL of clear supernatant was transferred into an ampulla, and 0.2 mL metaphosphoric acid solution was added. The sample was again homogenized and placed in an ice bath for at least 30 min to allow the protein to settle completely. Finally, samples were centrifuged (10 min at 10,844 × g), and the supernatant was analyzed with gas chromatography.
Metabolism Trial
The objective of this study was to determine AME and apparent crude protein digestibility (ACPD) of the experimental diets. Thirty-six male broiler chickens were selected and allocated into individual cages for 6 dietary treatments with 6 replicates for each treatment. Each dietary treatment was provided with the same corresponding experimental diet as the growth experimental 1 ( Table  1 ). The metabolizable trial included a 3-d preliminary period at 17 to 19 d of age and 38 to 40 d of age followed by 2 d of total excreta collection. Feed was provided ad libitum during the preliminary period and at 80% of the ad libitum amount during the collection period. The collected excreta were then dried at 60°C. Feed samples and excreta were ground through a #20 mesh screen for protein analysis using AOAC procedures (1984). Gross energy of feed and excreta was determined using an adiabatic bomb calorimeter.
Statistical Analysis
The length and weight of the GIT and the weight of the digestive organs were adjusted for the live BW of the corresponding broiler, resulting in a relative length and weight measurement calculation. Each pen of birds was considered an experimental unit. All data were analyzed for each trial using statistical software (SPSS, 2001) to determine the effects of dietary enzyme. The effects of dietary enzyme level on performance, nutrient apparent digestibility, organ size, intestinal morphology, and ileal and left cecal VFA content were analyzed using regression analysis. The effects of increasing enzyme were partitioned into linear and quadratic components using orthogonal polynomial contrasts.
RESULTS
Birds were in good health throughout the experimental period. Mortality was low (<3%) and was not related to dietary treatment. At the start of the experimental period, there were no differences on the initial BW among the treatments (P = 0.987). Average initial BW was 134.45 g ( Table 2 ).
The effects of exogenous enzyme supplementation in the wheat-based diets on broiler performance for 21 and 42 d are shown in Table 2 . With increasing levels of enzyme supplementation from 0 to 1,000 mg/kg, the BW, average daily feed intake, average daily gain (ADG), and feed conversion ratio (FCR) were improved (P < 0.01) during the 7-to 21-d phase. From 22 to 42 d, the 42 d BW and ADG both increased linearly (P < 0.01). Overall, from d 7 to d 42, there was a linear increase in ADG (P < 0.01) and a linear decrease in FCR (P < 0.05) with increasing enzyme supplementation.
The effects of enzyme inclusion on nutrient fecal digestibility are shown in Table 3 . No effects of enzyme inclusion on AME were demonstrated in either phase (P > 0.05). However, there was a positive linear (P < 0.05) increase in ACPD during each period as enzyme supplementation level increased. The regression analysis showed that for every 200 mg/kg enzyme increase in the wheat diets, there was a linear concomitant increase of 0.50% for d 20 to 21 ACPD (R 2 = 0.29; data not shown). Effects of enzyme supplementation on organ size (including liver and pancreas) and intestinal morphology are shown in Table 4 . In general, increasing levels of enzyme supplementation decreased the relative size of the digestive organs and GIT of the broilers. As dietary enzyme supplementation increased, weights of AI and ileum, lengths of AI and ileum, and length of cecum linearly (P < 0.01) decreased at d 21 of age. In addition, at d 42 of age, the weight and length of ileum and the lengths of AI and cecum linearly (P < 0.05) decreased as enzyme inclusion rate increased. Moreover, liver and pancreas relative weights decreased linearly (P < 0.01) with increasing enzyme supplementation at d 21 and 42 of age.
The effects of enzyme inclusion on VFA profiles in broilers fed diets with or without enzymes on d 21 or 42 are shown in Table 5 . Overall, dietary enzyme inclusion had significant positive effects on acetate percentage of the total VFA content and total VFA levels during both phases (P < 0.05). On d 21, as dietary enzyme inclusion increased, levels of acetate and valerate in the ileum and levels of acetate in the cecum linearly (P < 0.05) increased, whereas levels of other VFA in both hindguts decreased linearly (P < 0.05). In addition, there was also a linear (P < 0.05) increase in total VFA content in the ileum and the cecum. On d 42, only butyrate and isovalerate levels in the ileum decreased linearly (P < 0.01), and acetate in the ileum increased linearly (P < 0.01), whereas the total VFA content did not change (P > 0.05). In the cecum, isobuytrate, valerate, and isovalerate levels decreased linearly (P < 0.05), whereas the total VFA levels increased linearly (P < 0.01) with increasing dietary inclusion rate of enzyme.
DISCUSSION
It is well documented that adding exogenous enzymes to wheat-based diets for broilers can improve performance (Brenes et al., 1993; Choct et al., 1999) . The 21 d BW, average daily feed intake, ADG, and FCR from d 7 to 21 of our study were consistent with previous results. With increasing enzyme supplementation, there was a positive linear increase (P < 0.01) in ADG from d 7 to d 42. In the present study, experimental diets differed only in the content of enzyme inclusion. Therefore, performance differences in d 7 to 21 were a reflection of differences in enzyme levels between experimental diets. For The enzyme mixture contained 6,225 U/g xylanase and 3,200 U/g β-glucanase.
the total experimental period, there was a decreasing trend for FCR with the enzyme level increasing in comparison with wheat control diet. However, no significance was determined between the experimental wheat treatments. Based on the ADG and FCR for the total period, enzyme supplementation at 200 mg/kg resulted in optimum growth and feed efficiency.
To some extent, performance has a conspicuously close relationship with AME in birds. Thus, a metabolism trial was conducted to determine the effects of enzyme inclusion on AME and ACPD. In our study, we found that enzyme supplementation improved ACPD by 60.89 to 63.82% and by 61.51 to 64.98%, respectively, during d 20 to 21 and 41 to 42. The bulk of NSP encrusting the nutrients in wheat is composed of arabinoxylan (Henry, 1985) . Arabinoxylans can increase the viscosity of wheat-based diets (Annison and Choct, 1991) and, thus, interfere with digestion and absorption of the nutrients. Exogenous xylanase can partially hydrolyze the arabinoxylans and release the enclosed nutrients for the birds to use (Choct and Annison, 1992) . Consequently, birds can digest the nutrients more easily and achieve better growth performance. Choct et al. (1999) reported that supplementation of wheat-based diets with xylanase resulted in improvements in starch digestibility in the jejunum and ileum. The enzyme mixture contained 6,225 U/g xylanase and 3,200 U/g β-glucanase.
For the broiler industry, this is of great interest because not only does enzyme supplementation significantly improve nutrient use, but it also leads to more consistent and uniform performance. In general, the inclusion of exogenous enzymes significantly altered the morphology of the different GIT segments compared with control diet for both phases. As the level of enzyme supplementation increased, there was a linear (P < 0.01) decrease in ileal relative length and relative weight on d 21 and 42. Brenes et al. (1993) have reported that enzyme treatment of barley-based diets can reduce the relative length of the duodenum, jejunum, and ileum, but enzyme inclusion had no significant effect on organ size in a wheat-based diet. Presumably the increased length and weight are stimulated by the presence of arabinoxylans in wheat-based diets (Annison and Choct, 1991) . The NSP can increase the viscosity of the digesta and inhibit effective contact between the digestive enzymes and their corresponding substrates, leading to significant modifications of the structure and function of intestine (Dworkin et al., 1976) and organs. To adapt to those changes, the activities of the intestinal secretory mechanisms may be enhanced. Thus, this may lead to increases in the size of the GIT, pancreas, and liver. Brenes et al. (1993) indicated that this increased size of intestine Effects of enzyme inclusion on the relative length (cm/100 g) and weight (g/100 g ) of intestinal sections and the relative weight (g/100 g) of digestive weight to live BW The enzyme mixture contained 6,225 U/g xylanase and 3,200 U/g β-glucanase. and GIT could be an adaptive response to an increased need for enzymes. When supplementing exogenous enzymes in the wheat control diet, a greater proportion of NSP may be hydrolyzed, which might attenuate the secretory function of the responding organs and GIT segments, and then the organ sizes may decrease. Brenes et al. (1993) also implied that the reduction in relative organ weight had a direct economic benefit, as the dressing yield of broilers should increase proportionally. Taylor (2002) indicated that VFA were the fermentation products of microbes, and their levels could be used indirectly to monitor gut microbe populations in broilers. In our current study, birds consuming the control diet generally had lower VFA levels in the cecum than birds consuming diets containing supplemental enzyme in both experimental phases, which is consistent with the results of Choct et al. (1999) . Furthermore, as supplemental enzyme level increased, there was a linear (P < 0.01) increase in total VFA in the cecum on d 21 and 42. However the mechanism is unclear. Bedford (1995) indicated birds could not secrete enough NSP-degrading enzymes to destroy these polysaccharides and effectively use the nutrients encrusted by them. Thus, they flow into the lower GIT and result in an increase in bacterial fermentation (Choct et al., 1996; Taylor, 2002) . However, the hindgut microbes were incapable of fermenting large NSP molecules, and undigested large molecular weight components had also difficulty entering into the cecum due to the viscous characteristics of digesta (Choct et al., 1996) . When supplemental enzyme was added to the wheatbased control diet, it might partially degrade these larger molecular polysaccharides into smaller ones, even oligosaccharides, and at the same time, the enzymes might alleviate the viscous property of digesta (Choct et al., 1999; Mathlouthi et al., 2003) , increase the digesta flow rate, and result in increased production of VFA in the cecum (Choct et al., 1996 (Choct et al., , 1999 . Marounek et al. (1999) demonstrated that fermentation of low molecular weight carbohydrates could yield more VFA than that of large molecular carbohydrates in the broiler cecum. Consequently, more fermentable materials may have the access to the cecum and may lead to increased fermentation to produce more VFA. With supplementation of exogenous enzymes, the increased production of VFA is likely a reflection of an increase in microbial count in the cecum.
In comparing the wheat control diet with the enzymesupplemented diets, there were only significant differences of total VFA in the ileum on d 21 with no differences of total VFA in the ileum on d 42. The latter is in agreement with Taylor (2002) and another study with rye-based diets (Silva and Smithard, 2002) . The mechanism is also incompletely unknown. Presumably due to peristaltic motion in the cecum, it may have been possible for more microbes to enter into the upper intestine with cecal digesta in the early phase of growth (around d 21). Thus, they may have proliferated, leading to an increase in VFA production in the ileum. However, the increased flow rate due to decreased viscosity of the ileal digesta might have led to a reduction in VFA production in the ileum of broilers consuming diets containing supplemental enzymes. Con- The enzyme mixture contained 6,225 U/g xylanase and 3,200 U/g β-glucanase. sidering these 2 opposite outcomes, it might have been possible to observe more, less, or equal amounts of VFA in comparison with the wheat-based control diet. With the growth of the digestive and immune system, the intestinal microflora tended to be stable on d 42. Thus, the overall VFA content in the ileum was not significantly different between broilers receiving the control or enzyme supplemented diets.
Exogenous enzymes (primarily xylanase and β-glucanase) can improve performance of broilers consuming a wheat-based diet, especially during the growing period. Optimum enzyme supplementation was 200 mg/kg. Furthermore, enzyme inclusion can decrease the size of the digestive organs and the GIT to some extent. In addition, enzyme supplementation resulted in an increase in the total VFA in cecum, but no effect was observed in the ileum.
